Abstract-In this paper, a code-division multiple access (CDMA) cellular overlay system is investigated, employing the idea of multicarrier CDMA, which has recently received significant attention as an alternative to traditional single-carrier CDMA [1]. Overlay is pursued here as a means of long-term transition from narrowband cellular to CDMA cellular. A major result of this paper is the demonstration that the use of multicarrier CDMA in a fading channel is particularly beneficial to the narrowband system, as the CDMA users can reduce their transmitted powers as a result of diversity. Another significant conclusion is that the use of transmitter notching in the CDMA system in order to avoid active narrowband users outperforms a strategy in which a narrowband user is avoided by simply dropping the particular carrier which overlays it. Finally, recent results on the use of the minimum mean-squared error (MMSE) receiver in a fading channel are extended for use in the overlay scenario.
I. INTRODUCTION
T HE interest in code-division multiple access (CDMA) technology has been increasing dramatically, a trend that is likely to continue. In the future, CDMA will probably become the most widely used method of providing wireless service for products such as cellular phones. With a few exceptions, the current trends in cellular phones are almost exclusively frequency-division multiple access (FDMA) and time-division multiple access (TDMA). A transition to the day when CDMA is the dominant multiple-access method must occur gradually. The service providers cannot simply default on their commitments to the existing FDMA and TDMA subscribers. They could, however, begin to introduce the new CDMA units while halting the introduction of additional narrowband FDMA and TDMA units. In the long term, narrowband systems would be phased out gradually.
One possible way to make this transition is to employ CDMA overlay, in which a CDMA cellular system would be implemented in a frequency band which is dedicated to a narrowband cellular system [2] , [3] . If the two systems are to coexist, they each must do so at loading levels, that is, the ratio of active users to the theoretical maximum number of users possible, which might be significantly below what it could be in an otherwise identical scenario without overlay. It will be the goal of this paper to examine exactly how many users of each type can be accommodated at different points, i.e., for different amounts of narrowband loading, in the long-term transition period.
Previously, the current authors showed for a single-cell system in [4] and for a cellular system in [5] [and both with an additive white Gaussian noise (AWGN) channel model] that the overlay of even a small number of CDMA users causes a significant amount of degradation to the existing narrowband system. It is possible that the number of supportable CDMA users would be so low that overlay might not be worthwhile. The use of notch filtering at the CDMA transmitters allows the CDMA signals to avoid the narrowband users' spectra and thus substantially reduces the effects of overlay on the narrowband system. The corresponding effect that this notching has on the CDMA system was shown to be minimal.
In this paper, those results will be extended to the fading channel. A brief description of the overlay system and the environment will be given in Section II. The number of CDMA users that can be supported is constrained by their effect on the narrowband users, which will be examined in Section III. Consistent with the results of [4] and [5] , that number is quite small, and again, it can be improved substantially by employing notching in the CDMA transmitters. In Section IV, limits on the number of narrowband users that can be supported will be examined. Assuming that the CDMA users must employ some degree of notch filtering in order to achieve a respectable amount of loading, the number of narrowband users, in turn, is constrained because if there are many, the CDMA users might have to destroy a significant portion of their signals. These results will be combined with those of Section III to form joint capacity limits in terms of the number of CDMA and narrowband users that can be supported simultaneously. It will be seen that in traditional single-carrier CDMA, these limits are very constraining. With the use of multiple carriers, however, the added frequency diversity allows the CDMA users to transmit at lower powers with respect to the narrowband users, and hence they require less notching on the whole. The number of users that may share the channel is increased tremendously with multicarrier CDMA.
With these limits in mind, system simulations are performed in Section V to take into account CDMA performance, specifically in terms of bit error rate (BER). The effects of narrowband interference, multiaccess interference, notching, and the possibility of operating the multicarrier system on fewer carriers than the maximum will be looked at. Conclusions will be made in Section VI.
II. DESCRIPTION OF THE SYSTEM AND ENVIRONMENT
In this section, a description of the cellular overlay system and the environment will be given. We consider a digital FDMA narrowband cellular system with a frequency reuse factor of 1/7, which means that the total system bandwidth will be divided into seven frequency groups, each consisting of a number of narrowband channels separated in frequency so as to minimize adjacent-channel interference. The groups are then assigned to the cells in an intelligent manner which minimizes the cochannel interference-that is, interference caused by mobiles in different cells using the same channel. The effects from mobiles in two outer layers of cells will be taken into account, with those users in the cells beyond neglected, as their signals should be sufficiently attenuated as a result of the propagation loss. The narrowband users will employ rootraised cosine pulse shaping in their transmitters, in order that the occupied bandwidth is , where is the bit time. The CDMA system will be of a general multicarrier form, with carriers. For the single carrier system, the processing gain will be taken as chips/bit. For , the identical information for a given CDMA user will be transmitted on each of the carriers, but with a different spreading code used for each carrier. The motivation for multicarrier CDMA is to use several carriers which are separated sufficiently in frequency so that the fading on signals sent on different carriers will be independent, thus affording diversity potential to the system. In order to make fair comparisons of the different multicarrier systems in terms of bandwidth and power, the processing gain of each signal in the multicarrier case needs to be , and the total power used by the CDMA user must be split equally among the carriers. In order to compare the CDMA and narrowband systems, it will be assumed for simplicity that the two systems have the same information bit rate, and thus the CDMA signals will overlay narrowband users. In the single-carrier case, these users would occupy a contiguous frequency band, while for , the carriers must be separated in frequency, and thus the narrowband users' spectra would occupy several disjoint frequency bands.
In this paper, the overlay will be done assuming that there is a great deal of coordination between the CDMA and narrowband systems. First of all, because the situation at hand involves a preexisting narrowband cellular system, many costly and permanent aspects of the overlay system, such as the base stations and the network interface to the wireline system, would already be operational. When the CDMA system is overlaid, it would be most cost efficient to implement it to utilize these elements. In this paper, we will consider an overlay system in which the two systems utilize the same base station layout, each placing an antenna on the same tower. The two systems also will be assumed to share a large amount of information, including knowledge of the received average power levels of the mobiles at each base station, the cell to which they are assigned, and the frequency locations of the narrowband mobiles.
A Rayleigh fading channel model will be used. In the singlecarrier case, it will be assumed that the coherence bandwidth of the channel is on the order of the system bandwidth and therefore the signals undergo flat fading. Certainly then, each of the signals in the multicarrier case will undergo flat fading as well. In order to achieve diversity, the carriers must be sufficiently separated in frequency by an amount much greater than the coherence bandwidth in order that each undergo independent fading.
In addition to the fading, both the CDMA and the narrowband mobiles will undergo large-scale attenuation both from path loss with an exponent of and from log-normal shadowing with a standard deviation of in dB. Throughout this paper, the values and will be used. Power control will be employed both by the narrowband system and by the CDMA system as a means of conserving battery life. In CDMA systems only, there is the additional motivation of alleviating the near-far problem among a system's own mobiles, so that one strong signal does not disrupt communication for all the rest. The mobiles will be assigned to that base station for which the composite path loss and shadowing is minimum, which might not be the closest one geographically. Its transmit power will then be set so that its signal arrives at the base station at a specified minimum value necessary for acceptable performance.
III. LIMITS ON CDMA CAPACITY
In this section, a development of user capacity limits for an overlay scenario begins with a quantification of how many CDMA users can be tolerated by a typical narrowband system before its performance is degraded too severely. We will then look at the resulting improvement due to the CDMA users employing notch filtering in their transmitters.
We look at the performance of a binary phase shift keying (BPSK) user received in the presence of overlay in a fading channel. The general multicarrier CDMA system described in Section II will be used with carriers, and the total power of each CDMA user divided equally among the carriers. The fading process on each carrier will be taken as flat and independent of the fading processes on the other carriers.
It will be assumed that only the particular CDMA signal which overlays the BPSK signal at bandpass will pass through the BPSK receiver, and thus we will concentrate only on that signal in the equations which follow. The BPSK user employs root-raised cosine pulses with a rolloff factor of and a coherent matched-filter receiver. When the signal is received in the presence of fading and AWGN of spectral height , the decision statistic out of the BPSK matched filter during the th bit interval is given by [4] ( 1) where is the average energy-per-bit of the BPSK system, is the bit time of both systems, is the chip time for the single-carrier CDMA system, is the composite processing gain, is the th CDMA user's composite average power from all of the carriers, and are the BPSK user's and th CDMA user's fading process during the th bit interval, with each a zero-mean complex Gaussian random variable, and is the th data bit of the BPSK user. The interference contribution associated with the th CDMA user during the th bit interval is given by (2) In this expression, is the th data bit of the th CDMA user, is the th CDMA user's delay, and is the number of CDMA users. The th user's spreading waveform has a period of and consists of unit-amplitude square pulses of width . The quantity is the th chip of the th user's spreading code. Also, the root-raised cosine pulse is assumed negligible for . Assuming coherent detection for the BPSK user, the decision on the th data bit is given by sign . In the absence of overlay, the probability of bit error, conditioned on the BPSK user's fading process , is error
where has been clarified to apply to the BPSK user, not to be confused with that of the CDMA system, for which later will be used. Also, is the Gaussian -function. If this is further averaged over the Rayleigh probability density function (PDF) of the variable , a well-known approximation for the probability of error is (4) Thus, if a BER of 0.01 is desired in the absence of overlay, then dB is required. As mentioned before, it should be stipulated that the overlay causes only a minor amount of degradation to the existing narrowband system. A criterion to determine whether or not the overlay causes too much degradation to the BPSK system will now be given. If the BPSK user slightly raises its transmitted power by 1 dB such that dB, then the number of CDMA users tolerable to the BPSK system will be that number for which the BPSK user, after the 1 dB power increase, still maintains an average BER of 0.01.
The capacity limits dictated by this criterion will be found for a system with a composite processing gain of 32 chips/bit. It is intuitive that the results will not depend on the number of carriers used in the CDMA system. In a multicarrier system with carriers, the CDMA signals on each carrier are only spread by a per-carrier processing gain of , a smaller factor than in the single-carrier case. But in turn, the average power of the signal on each carrier is also reduced by a factor of over the single-carrier case. A histogram of the CDMA-to-BPSK near-far ratio in dB units is shown in Fig. 1 . This was obtained by generating a random location for a CDMA user and a shadowing process to each base station out of three layers of cells described earlier and then assigning it to that cell for which the composite path-loss and shadowing is minimized. Power control is then implemented so that it arrives at its assigned base station at a specified value. There is an impulse of weight 1/19 at the value , as the CDMA user has a probability of 1/19 of being assigned to the same cell as a narrowband user located in any given cell.
An important benefit of using a multicarrier format relates to the fact that the joint capacity limits of the system, in terms of both narrowband and CDMA capacity, depend on the difference . In comparison to a singlecarrier system, a multicarrier system with can achieve the same BER with a smaller value of , due to the added frequency diversity. The ability to operate the CDMA system at smaller values of greatly reduces its effect on the BPSK system and thus increases CDMA capacity in this regard.
Without the CDMA notching that has been mentioned, the amount of CDMA loading that the narrowband system can tolerate is practically zero. Thus, notch filtering will be used in the CDMA signals to avoid the BPSK user. To implement the notching, when a CDMA signal is received such that the BPSK user's received power is less than dB above that CDMA signal, a notch is placed in the CDMA signal. The particular notch filtering method used in this paper will be based on the discrete Fourier transform (DFT), as described in [4] .
In Fig. 2 , for a range of values for the notching threshold and several different fixed values of the difference , the amount of CDMA loading tolerable to the BPSK user was found such that the previously described excess criterion was satisfied. As expected, for larger values of , the PDF of the CDMA-to-BPSK near-far ratio (with the histogram given in Fig. 1 ) shifts toward lower values, and thus more CDMA users can be tolerated by the BPSK user. And as the notching threshold increases, and the CDMA users are therefore more likely to place notches, the BPSK user also can tolerate more CDMA users. In order to make use of these results, we must next investigate how much notching the CDMA system can handle before its signals become too distorted to be received reliably.
IV. LIMITS ON NARROWBAND CAPACITY
In this section, we will look at the effects of notching from the perspective of the CDMA system and find fundamental limits on the number of supportable narrowband users. As the narrowband loading increases, and hence more notches are necessary in the CDMA signals, there will be a point at which an excessive amount of some of the CDMA signals' spectra must be notched out. Therefore, many of the CDMA users would have to be dropped. This would occur not only in cases for which the notching threshold is large, but would also occur when the quantity is decreased, or equivalently, if the value of is increased. In [5] , the following related problem was examined. Assume that a single narrowband user is located at random such that it is equally likely to be assigned to any of the cells within two outer layers of a center cell of interest. Then, consider a CDMA user located at a normalized distance from the center cell. The probability that the CDMA user must notch for that narrowband user is plotted in Fig. 3 as a function of . Each curve represents a different value of the quantity . For a number of narrowband users located uniformly throughout these several layers of cells, and for a fixed value of , the number of notches can be approximated as a binomial random variable.
We will now look at several different multicarrier CDMA schemes and for each, the number of narrowband users which can be present so that the CDMA users do not require an excessive amount of notching will be found. Later in this paper, the performance of the CDMA system employing the minimum mean-squared error (MMSE) receiver will be investigated. The sampling rate used in the MMSE is or in the single-carrier case. The CDMA signals with spectrally efficient pulse shapes will typically be contained within the frequency range . However, the notching can really only be done uniquely within the range as a result of the sampling rate and the corresponding aliasing. Each notch within this range, therefore, gives rise to a second notch outside of this range, but still within the range . Thus, recalling that the BPSK and CDMA systems have the same data rate, there are only 16 unique notching locations for the single-carrier system with a processing gain of 32 chips/bit. In a general multicarrier system with carriers, the spectrum occupied by the signal on each carrier will have unique notching locations.
We now establish a criterion to determine the limit on how many narrowband users can occupy the channel as a function of the notching threshold . For a given carrier, it will be declared that if more than half its unique frequency slots must be notched, then that carrier will not be used. For systems with or carriers, there are 16, eight, and four unique frequency slots, respectively, on each carrier, so a carrier will be dropped if there are more than eight, four, and two unique notches required.
It is quite possible that under this criterion, a user may need to drop some of its carriers while other carriers remain operational. For a large number of carriers, if only a few of them are not used, the system may experience a performance loss which is tolerable. We call on some results, which will be explained in detail in Section V, to declare for our purposes here in this section that if 3/4 of the carriers remain, then the system can still function adequately. Combining this with the previous criterion for dropping a carrier, the complete criterion for determining how many narrowband users can be supported for a given value of is that a CDMA user will be dropped if it must drop more than 1/4 of its carriers. For systems with or carriers, the system must retain at least one, two, or three of its carriers.
Using the notching probability plots in Fig. 3 , results were found by generating a random location for a CDMA user and determining how many notches it would require and hence how many of its carriers would remain. The density of narrowband users/cell for which this criterion can be satisfied Fig. 4 . Narrowband users/cell tolerable to CDMA system before too much notching is required. Shown are single-carrier and multicarrier cases. The "no-notching" curves represent cases in which a carrier is dropped if even one notch is necessary.
was found for a range of values of in dB, and the results appear in Fig. 4 , for or carriers. Notice as expected, that as gets larger, and hence more notching is necessary, fewer narrowband users can be present. Also, as gets larger, the CDMA users are less likely to need notches, and more narrowband users can be present.
It has been suggested previously that with the use of multicarrier CDMA, it is possible to avoid the narrowband users in an overlay scenario by simply not transmitting on those carriers which might interfere with a narrowband user [1] . This possibility was also examined here for comparison. We will first modify the previous notching criterion and declare that if the CDMA signal on a given carrier is received at a high enough power level in terms of the notching threshold , the carrier will not be used, as opposed to simply placing a notch in the previous scenarios.
We will consider both four and eight carriers in this type of system. It does not seem fruitful to raise the number of carriers beyond eight with a composite processing gain of 32 chips/bit for several reasons. First, even assuming that the CDMA signals on each carrier would experience independent fading, the incremental diversity advantage realized by using more carriers diminishes with such a high number of carriers. Second, it has been assumed that the CDMA system, when used with multiple carriers, can be split such that transmission takes place in disjoint frequency bands with sufficient frequency separation. Considering issues related to spectrum allocation, this might be plausible with two or even four carriers, but the possibility becomes less likely with a large number of carriers. Finally, the process of tracking the fading processes, which is not considered in this paper, would become tremendously complex with so many carriers.
As shown in Fig. 4 , for four and eight carriers, the number of narrowband users tolerable to the CDMA system falls far below the performance of the systems which use notching. The presence of a reasonable amount of narrowband users would simply require that too many carriers be dropped. This suggests strongly that the hybrid system previously described-that is, the system which uses notching and will drop a carrier if it requires excessive notching should be used. Again, this must be tested in terms of the effect on CDMA performance, which will be done in Section V.
In Fig. 5 , a combination of the results of Figs. 2 and 4 are shown. Several two-dimensional (2-D) capacity curves, each with a constant value of , were formed by finding the tolerable densities of CDMA users/cell from Fig. 2 and narrowband users/cell from Fig. 4 for a given value of the notching threshold . This was repeated for a range of values of . As gets larger, the CDMA users are less likely to interfere with the BPSK user and are less likely to require notches, and thus more users of each type should be supportable.
It is important to keep in mind that we have not yet considered how much self-interference the CDMA system can handle, nor the effects of narrowband interference and notching on CDMA performance. We have only considered two things, which nonetheless do impose some limitations on user capacity: 1) the number of CDMA users for which the narrowband system's performance is severely degraded according to the criterion described in Section III and 2) the number of narrowband users for which the CDMA users would simply require too much notching. In the next section, we will look at the CDMA performance in more detail.
V. SYSTEM SIMULATIONS AND RESULTS
In the previous two sections, some broad capacity limits were found for both the CDMA and the narrowband systems, imposed by the notching. In this section, the capacity limits of multicarrier CDMA will be examined further. Results from Sections III and IV will be extended to include the effects on CDMA performance of multi-access interference (MAI), narrowband interference (NBI), notching, and the possibility of operating on fewer carriers than the maximum.
We consider the use of the MMSE receiver, which is wellsuited to the overlay environment. It has been shown to reject MAI [6] - [8] , NBI [9] , [10] , and intersymbol interference (ISI) [4] . It also has the desirable property that it can adapt to a filtered code sequence without even knowing that the code has been filtered [4] . In [11] , it was shown that the MMSE can successfully realize diversity in a frequency-selective fading channel and that there is a substantial performance loss when all of the paths of all of the interfering users are not tracked explicitly in forming the Wiener solution. The performance of the MMSE was evaluated in the multicarrier case in [12] , where it was reaffirmed that all of the paths of all of the CDMA users must be tracked in order to avoid a sizable performance loss.
The performance in the overlay environment is a relatively straightforward extension of the analyzes given in [11] and [12] . Some slight modifications are that the desired CDMA user now may operate with a filtered code sequence, and narrowband noise must be added when necessary. We consider the general multicarrier system described earlier, with carriers and a processing gain per path of . It is also assumed that the desired user's code sequence in the th carrier will be filtered (when necessary) using the DFT-based filtering method from [4] , zero-padded to 8 bits, which results in a code sequence of length greater than the processing gain, in this case. If bits of zero-padding are used in performing the filtering, then the filtered sequence can be expressed as the cascade of individual sequences of length , as , with in the middle associated with the desired signal component and the other sequences corresponding to ISI. Note that on each carrier, the filtered code sequence will be different as the notching necessary on each carrier is generally not the same.
For the th carrier, the samples of a chip-matched-filter bank will be collected during the th bit interval, resulting in a column-vector of samples given by (5) where is the fading process on the th carrier of the th user during the th bit interval, and the fading processes for the same user on each carrier are independent. Also, and are the even and odd cyclic shifts of the th user's code sequence on the th carrier, and is a vector of length of independent complex Gaussian noise samples, with the real and imaginary parts each having variance of . The vector consists of the sum of samples of all of the narrowband noise processes present in the th carrier, if any. Each process is complex, with the real and imaginary parts independent, and each with a correlation matrix of the form (6) for the th element, where is the narrowbandto-CDMA near-far ratio,
, and is the frequency difference between the location of the narrowband user and the CDMA carrier frequency. The remaining quantities in (5) were defined in Section II.
It was shown in [12] that the receiver will work best if the different received vectors of (5) are cascaded into a single composite vector of length , given by (7) and a single Wiener filter is formed, given by , with and the correlation matrix and steering vector, given by . . . . . . . . .
and . . . . . .
The bit decision is then made as sign for coherent combining of the paths. It makes sense to use coherent combining in this case because it was previously stated that all of the fading paths of all of the users should be tracked anyway in order to avoid a large performance loss. The task of tracking the fading processes in a dynamic environment is currently an area of active research.
If the received vector on the th path is rewritten as where represents a composite interference process consisting of MAI, AWGN, NBI, and ISI, and the individual vectors on each carrier are cascaded to form a single vector , it can be shown with the matrix-inversion lemma and a Gaussian approximation on the composite interference that the probability of error using coherent combining of the paths can be approximated by [11] (10) with the composite interference correlation matrix.
Before proceeding to the overlay simulations, a test of the multicarrier system was performed in the absence of overlay, in order to determine the effects of dropping one or more carriers. For a system with a fixed 3.0 CDMA users/cell and the previously described environment, the probability of bit error is shown in Fig. 6 for different multicarrier systems. In each, the number of carriers kept by the system is varied. It is seen that for the carrier case, keeping just one carrier results in a large performance degradation. However, for carriers, the degradation is not too severe if only one of the carriers is dropped. Likewise, for carriers, if six of them remain, the degradation seems tolerable. Thus, the criterion described previously in Section IV was that a CDMA user must be dropped if less than 3/4 of its carriers remain after the necessary notching is performed.
The performance of the CDMA system using an MMSE detector was then simulated, with the overlay environment described in Section II. For a given density of narrowband users/cell, the corresponding density of CDMA users/cell that could be simultaneously supported by the channel was found. The value of used is important here. According to the capacity constraints examined in Sections III and IV, it is clearly best that the CDMA system operate at a low value of , as its effects on the narrowband system are reduced without requiring an excessive amount of notching. In this section, however, we are interested in the BER of the CDMA system, for which it is obviously desirable that higher values of be used. A capacity criterion imposed to take into account the CDMA performance is that a BER of 0.01 is desired, as it was for the BPSK system. This criterion will be used in conjunction with the capacity limits described in Sections III and IV.
In order to combine these results with those of Sections III and IV, the notching threshold and the value of must be chosen so as to satisfy the capacity curves shown in Fig. 5 . In Fig. 7 , the results of combining the criterion just described, that is an average BER of 0.01 for the CDMA user, with the results of Sections III and IV, are shown. In these results, the value of was chosen to be 17 dB in the single-carrier case, while a value of 13 dB was ideal for the two-carrier and four-carrier cases. Recall that in the multicarrier scenarios, a smaller value of could be used in order to achieve the same performance in terms of CDMA reception. This in turn allows the limits of Sections III and IV to be relaxed in comparison to the single-carrier case.
When there is no overlay, i.e. no narrowband users present, the CDMA system can be loaded to three, 6.5, and ten users/cell for one, two, and four carriers. The number of CDMA users/cell that can be supported decreases quite rapidly as the number of narrowband users/cell is increased for all three of the curves shown. In fact, there is about a 50% reduction in CDMA capacity in comparing a system with one narrowband user/cell and a system with no overlay. There is a noticeable improvement in capacity over the single-carrier case when two carriers are used and an additional increase when four carriers are used. A two-carrier system can support roughly twice the number of CDMA users as can the singlecarrier system, and the four-carrier system, in turn, can support about twice what the two-carrier system can support.
VI. CONCLUSION
In this paper, the performance of a cellular overlay system with a fading channel model was evaluated. The effects of the CDMA system on the narrowband system were quantified, and the effects of notch-filtering were found to be beneficial. It was found that the use of multiple carriers allows the CDMA users to transmit less power than in the single-carrier case, and thus more users can be supported without causing interference to the narrowband system. It was also found that a multicarrier CDMA system which avoids narrowband users by notching outperforms a system which simply drops any carrier which interferes too much with a narrowband user. The possibilities for CDMA overlay for use as a long-term transition from narrowband cellular to CDMA cellular are strongly argued by the results of this paper.
